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The overall purpose of this research task is to study the 
effects of soil properties and ecosystem-variables on nitrous- 
oxide (N20) exchanges at the soil-atmosphere interface, and to 
assess their effects on the globle N20 budget. Experimental 
procedures are implemented in various sites to measure the 
source/sink relations of N20 at the soil-atmosphere interface 
over prolonged periods of time as part of the research of 
biogeochemical cycling in terrestrial ecosystems. A data-base 
for establishing quantitative correlations between N20 fluxes 
and soil and environmental parameters that are of potential 
use for remote sensing, is being developed. 
Specific activities within this project, during the 
period October 10, 1985-June 30, 1987 were: 
1. The development of methods for accurate measurements 
of N20 fluxes in the field was continued. A field sampling 
and laboratory analysis procedure was field-tested in the 
comparative study of adjacent desert- and cultivated-soil sub- 
sites in the Jordan Valley (see below). 
2. A field station was constructed and measurements of 
N20 dynamics were conducted in a desert soil in the Jordan 
Valley (near the Dead Sea), under two extreme cultivation 
regimes: The virgin, sterile soil and a reclaimed plot grow- 
ing corn under intensive cultivation. Nitrous oxide concen- 
tration-gradients in the atmosphere and in the soil, and N20 
fluxes at the soil-atmosphere interface, were measured simul- 
taneously during the growth period of the corn. Significant 
differences between the fluxes in the two adjacent sub-sites 
were observed and possible sink activities in the desert soil 
were identified. The data is now being analyzed, to statis- 
tically assess the trends and quantify the differences between 
the two sub-sites, with particular emphasis on the question of 
the possible role of desert soils as N20 sinks. 
3 .  An in-vited lecture was presented at the Interna- 
tional Conference on 'Man's Role in Changing the Global En- 
vironment' (Venice, October 19851, under the title: 'Global 
Budget of N20: The role of soils and their change and degra- 
dation in terrestrial ecosystems". A paper was published in 
the proceedings of the conference. A reprint is attached as 
Appendix to this report. 
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ABSTRACT 
The atmospheric concentrat ion o f  n i t r o u s  ox ide i s  increasing. A gross 
a n a l y s i s  o f  t h e  g loba l  sources and sinks o f  t h i s  gas i d e n t i f i e s  s o i l s  as being a 
major source which i s  present ly  unconstrained q u a n t i t a t i v e l y .  The need t o  
address atmospheric N20 trends i n  the next  20-30 years, i n  view o f  i t s  many 
faceted e f f e c t s  on. atmospheric chemistry, t h e  g lobal  thermal budget and 
b i o s p h e r i c  processes, d i c t a t e s  the need f o r  a concerted e f f o r t  t o  study, analyze 
and moni tor  N20 emissions from s o i l s  i n  a l l  t he  t e r r e s t r i a l  ecosystems. 
INTRODUCTION 
A t r e n d  showing an increase in the concen t ra t i on  o f  n i t r o u s  ox ide  (N20) 
in t h e  troposphere has been establ ished by c a r e f u l  s tud ies  over the  l a s t  decade 
( 1 . 2 ) .  The r a t e  o f  increase i s  O.2-O.5% per year amounting t o  a ne t  a d d i t i o n  t o  
t h e  atmosphere o f  2.8-5.6 Tg N2&N per year. This p e r t u r b a t i o n  i nc reas ing l y  
a f f e c t s  s t ra tospher i c  chemical cycles, t h e  thermal balance o f  the Earth,  t he  
b iosphere i n  general a%d human environment i n  p a r t i c u l a r .  
ATHOSPHER I C  DYNAH I C S  OF N20 
N i t r o u s  ox ide has a complex atmospheric chemical c y c l e  (3,4,5). Because it 
i s  s t a b l e  and thus i n e r t  i n  the lower atmosphere ( t roposphere),  i t  i s  c a r r i e d  
i n t o  the  s t ra t rosphere where i t  i s  p h o t o l y t i c a l l y  ox id i zed  t o  n i t r i c  ox ide (NO) 
by the  f o l l o w i n g  reac t i on :  
N 2 0  + O( I D )  + Z N O  
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The NO gas, which i s  much more reac t i ve ,  c a t a l y t i c a l l y  conver ts  ozone t o  
molecular oxygen (6 ) :  
Hence any increase i n  t h e  N2C f l u x  i n t o  the stratosphere may be expected t o  
r e s u l t  i n  ozone loss. In  add i t i on  t o  i t s  chemical e f f e c t s ,  N20 absorbs 
r a d i a t i o n  i n  the i n f ra red  range, (peaks o f  absorpt ion a t  7.78, 8.56 and 17.0 
pm), adding t o  the Greenhouse E f f e c t  o f  other t race  gases i n  t h e  atmosphere. 
Recently, i t  was estimated t h a t  an increase o f  25% i n  atmospheric N 0 w i l l  cause 
a g loba l  average temperature r i s e  o f  0.1K (5),and reduce the average g lobal  
ozone co lunn by 3-42 (7.8). A 1% decrease i n  ozone was est imated t o  increase 
the  incidence r a t e s  o f  var ious s k i n  cancers by 2-10% w i t h  t h e  higher e f f e c t s  
2 
be ing  a t  t he  lower geographical l a t i t u d e s  ( 9 ) .  
It i s  thus ev ident  t h a t  t he  cunu la t i ve  e f f e c t s  on g loba l  c l i m a t e  and 
biosphere, r e s u l t i n g  from a cont inu ing increase o f  N 0 i n  the atmosphere, may be 
s i g n i f i c a n t .  We are then faced w i t h  the question: W i l l  the r e c e n t l y  observed 
t r e n d  o f  increase i n  atmospheric N20, cont inue i n  the next 2-3 decades? The 
answer requ i res  a b e t t e r  understanding o f  the g lobal  cyc les and processes 
o f  N20. 
GLOBAL SOURCES AND SINKS. 
2 
c 
One way t o  approach t h i s  question i s  by studying the g lobal  sources and s inks 
o f  N20 i n  a framework o f  an annual g lobal  budget o f  NZO. A simple, 3- 
compartment b u d g e t m d e l  was developed r e c e n t l y  by-Banin e t  a l .  ( 7 )  f o r  the 
g lobal  N20 balances a t  the end o f  the 1970's-on the bas is  o f  1984 data.  The 
th ree  compartments considered are the atmosphere, the ocean and the land. The 
c u r r e n t  est imates of the source and s ink  terms f o r  each g lobal  compartment are 
shown i n  Table 1, and discussed below. 
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TABLE 1. Estimated annual product ion,  consunption and accunulat ion o f  N20 i n  
the th ree  g lobal  compartments. (Data f o r  the l a t e  1970's. Based on Banin e t  a l .  
( 7 ) ) .  
CWPARTMENT Flux,Tg K 2 0 - N  yr ' l  
ATMOSPHERE 
Sources 
L i ghtn i ng 
Power-line corona 0.02-0.5 
Exc i ted species chemistry 
co.01 
0-20( ? ) 
Sinks 
Stratospher ic  p h o t o l y t i c  decomposit ion 
0.2-0.4% per year 
Acc m u  1 a t  i on 
OCEAN ( i n c l u d i n g  es tua r ies )  
Sources 
Sinks 
LAND -
Sources 
Natura l  so i  Is and ecosystems 
C u l t i v a t e d  s o i l s  
F e r t i l i z e r  N-conversions 
Organic matter decay 
B i omass burn i ng 
F o s s i l  f u e l  c a b u s t i o n  
Waste-water treatment 
Desert sands, anaerobic s o i l s  
Sinks 
6-1 1 
2.8-5.6 
2-10 - 
2.6-2 5 0 
0.1-1.5 
1.5-3.8 
1-2 
1-2 
1-2 
? 
The atmosphere -
Sources i n  the atmosphere are be l i eved  t o  be small :  ma in l y  r e s u l t i n g  from N20 
p roduc t i on  by 1 i g h t t i n g  and coronal discharges (10) .  A recent suggestion by 
Prasad (11) .  o f  a mechanism f o r  N 0 product ion by reac t i ons  o f  var ious exc i ted  
chemical species i n  the atmosphere, has led  t o  some controversy (e.g., 12) w i t h  
est imates o f  i t s  g lobal  magnitude va ry ing  widely  ( 3 ) .  The atmospheric 
( s t r a t o s p h e r i c )  s ink,  due t o  the p h o t o l y t i c  decanposi t ion reac t i on  shown i n  
Equation 1 ,  i s  now q u a n t i t a t i v e l y  constrained, as i s  the r a t e  o f  accunulat ion i n  
2 
the troposphere (Table 1). 
- The Earth-Surface 
Basic processes: In  the major p a r t ,  N20 product ion on land and i n  the oceans 
30 
results from biologically mediated nitrogen conversions, which are either part 
of natural biospheric processes or anthropoyenical ly enhanced activities such as 
nitrogen-fertilizat 
b io 1 og i cal produc 
( 'khemoden i t r  i f icat 
the non-biological 
on, biomass burning and waste-water treatment. Non- 
ion b y  chemically driven natural nitrate reduction 
on") has been observed on a 1 imited scale: However, most of 
production is due to anthropogenic sources, including 
combustion processes and biomass burning. 
The production of N20 in biological nitrogen transformations has becn 
observed during denitrification, nitrate reduction, and nitrification, as shown 
schematically in Fig. 1. These processes involve msny groups of microorganisms. 
and N20. in most cases, is an intermediate in a series of sequential oxidation- 
reduct ion nitrogen transformations. The cause and effect relations of N20 
fluxes from the Earth surface into the atmosphere arc complex, since N20 
emissions may result from nitrogen transformations occurring at I1opposinglt 
directions. Since the valency of nitrogen in N20 is +1, it appears as an 
intermediate in both the oxidative conversion (nitrification) of amnonia 
nitrogen to nitrate (N'3 + N + 3  and the reductive conversion (denitrification) 
o f  nitrate to dinitrogen ( N "  + N o ) .  As an intermediate gaseous product, N20 
may "leak88 to the atmosphere before being c o n s w d  and further converted. The 
multitude of pathways that lead to N20 production have complicated the study of 
N20 dynamics since variable results are observed under apparently similar 
environmental conditiions. both in the ocean and on land. Particularly in soils 
where microenvironments inside aggregates may grossly differ from the bulk of 
the soil, high spatial and temporal variability have been observed even when 
repetitive smpling was done on scales of few tens of centimeters (13). This 
resulted in conflicting views with regard to N20 emission rates into the 
atmosphere and the parameters affecting them, that can not be completely 
resolved yet, and require further detailed studies (see for example reviews b y  
Scranton (14) and Delwiche ( I s ) ) .  
c 
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NITROSOMONS (AMMONIUM OXIDIZER 
NITRIFICATloN NITROBACTER (NITRITE OXIDIZER)  
I 
 AMMONIFICATION^ v 
ORGANIC -"3 - N H 2 0 H  - N 2 0  - NOS - NOg *---- N I 
I 
I 
P I 
(1) ASSIMILATORY NITRATE REDUCTION (ALGAE) 
(1) DENJTRIFICATJON (VARIOUS MICROBIAL GROUPS) 
(2) CHEMODENlTRlFlCATlON 
(DlSSlM I LATORY NITRATE REDUCTION) . 
N2 NO; - NO; - N O  - N 2 0  - 
I 
I 1
I 
N-FIXATION (NITROGENASE ENZYME) 
Fig. 1 .  Schematic d e s c r i p t i o n  o f  n i t rogen  conversions invo lv ing  N 0: ( a )  The 
n i t r i f i c a t i o n  sequence, ( b )  The d e n i t r i f i c a t i o n  sequence. 
2 
The Oceans: Estimates o f  the  Oceans' c o n t r i b u t i o n  t o  the g loba l  N,O budget 
have been cont inuous ly  decreasing since the mid-1970's. This i s  the r e s u l t  o f  
i n tens i ve  measurement program over the l a s t  decade or so, and i n  no small p a r t ,  
due t o  techn ica l  improvements and increased prec is ion  and r e p r o d u c i b i l i t y  o f  $ 0  
analyses by gas chromatography. 
E a r l y  works (16 .17 )  have repor ted high supersaturat ion (up t o  230% sa tu ra t i on  
i n  the  Ocean mixed l a y e r )  o f  the  nor th  and t r o p i c a l  A t l an t i c ,  and the ocean was 
i d e n t i f i e d  as a major source emi t t i ng ,  on the  global scale, about 85 Tg N2D-N yr - l  
( 1 7 ) .  However, a se r ies  o f  s tud ies  l a t e r  showed lower or no supersaturat ion o f  
the  mixed ocean layer ,  and an undersaturat ion o f  deep ocean w a t e r s  ( 1 8 . 1 9 . 2 0 ) .  
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An extensive ser ies o f  measurements by Weiss (21) establ  
the surface layer o f  the ocean i s  i n  e q u i l i b r i u n  w i t h  the 
shed t h a t  
atmosphere, 
upwel l ing locat ions where the water i s  f requen t l y  supersaturated w i t h  
n general 
except f o r  
respect t o  
N20. The l a t t e r  f i n d i n g  was confirmed by E lk ins  e t  a l .  (22) and by P i e r o t t i  and 
Rasmussen (23). The emission o f  N20 i n  upwel l ing areas may be l o c a l l y  
s i g n i f i c a n t  but i s  not  be l i eved  t o  be an important c o n t r i b u t o r  t o  the g lobal  N 0 
budget ( 3 ) .  Furthermore, s ince the f i nd ings  show t h a t  t he  surface layer  
o f  the ocean i s  genera l ly  i n  e q u i l i b r i u m  w i t h  the atmosphere or s l i g h t l y  
supersaturated, it i s  n o t  l i k e l y  t h a t  t he  ocean i s  a major global  s i n k  
f o r  N20, though loca l  ized absorpt ion may take p lace where anoxic cond i t i ons  
p r e v a i l  (24). D e n i t r i f i c a t i o n  i s ,  however, an important process i n  mainta in ing 
the steady s t a t e  concentrat ion o f  n i t rogen  i n  the sea, and i t  i s  est imated t h a t  
about 10-70 Tg N y r - ’  a r e  l o s t  t o  the atmosphere by t h i s  process (25;). 
However, i t  appears t h a t  most o f  t h i s  l oss  i s  i n  the form o f  N2 and not  N20, 
probably due t o  complete conversion of n i t r o g e n  by the oceanic d e n i t r i f i e r s  t o  N 2 *  
wh i le  t h i s  does not always happen dur ing d e n i t r i f i c a t i o n  i n  s o i l s  on land. In  
f a c t ,  several repo r t s  have suggested t h a t  t he  source o f  whatever N20 being 
released from the ocean i s  t h e  n i t r i f i c a t i o n  process ra the r  than d e n i t r i f i c a t i o n  
(l9,20,22,24). Although i t i s  s t i l l  debated what i s  t h e  p r e v a i l i n g  mechanism(s) 
o f  N20 product ion i n  the  ocean (14), i t  i s  be l ieved now t h a t  t he  ocean i s ,  
g ross l y  speaking, a c losed compartment o r  poss ib l y  a small source w i t h  respect  
t o  n i t rous -ox idg  on the g loba l  scale. 
2 
The land: It thus appears t h a t  the poss ib le  sources(s) f o r  the observed 
increase i n  atmospheric N 0 concentrat ion are land-based and l a r g e l y  
anthropogenic. The land-based sources inc lude emission from s o i l s ,  combustion 
processes, biomass burn ing and waste-water treatment operat ions.  Emission from 
s o i l s  has been i d e n t i f i e d  as being by f a r  t he  l a rges t ,  a?d q u i t e  l i k e l y  t h e  
l e a s t  understood source. It i s  h i g h l y  v a r i a b l e  i n  space end time, and v a r i e s  
w i t h  moisture.  temperature, n i t rogen  content and o rgan icsa rbon  content o f  t he  
s o i l .  These are modulated by vegetat ion,  c l ima te  and c u l t i v a t i o n  i n t e n s i t y  
( 4 . 7 . 1 5 ) .  In nunerous f i e l d  s tud ies.  m o s t l y  conducted i n  c u l t i v a t e d  s o i l s ,  
- -
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emission of N20 was observed in the majority of cases (26-33). whereas uptake 
was seldom measured (28.34). 
yr‘l in non-fertilized soils (27), to 6-40 Kg $G-N ha” yr in heavily 
fertilized and frequently irrigated fields (35) and up to 100-200 Kg N20-N ha’’ 
yr’l in cultivated organic soils (27). These values are based on relatively 
short periods of measurement that always showed a large scatter of emission 
The emission rates varied from 0.5-1.0 Kg N20-N ha- 
- 1  
rates both temporally and spatially. This is so because, unlike the ocean 
environment, the top layer of soils is extremely heterogeneous, and the redox, 
thermal and chemical conditions in it vary considerably in space. and rapidly in 
time. leading to gross uncertainties in flux estimates for fields, let alone for 
who1 e reg ions. 
Even less well characterized are the emissions from non-cultivated soils. 
The few recent reports for forests, surprisingly showed high emission rates: 
0.4-40 0-13 
Kg N2&N ha” yr’l in a tropical forest soil in the Amazon Basin (36). These 
high values, if representative of forest soils in general, may suggest the 
possibility that soils in natural ecosystems are major global sources of N20. 
Additional measurements in field and forest soils, for prolonged periods o f  
Kg NZ&N ha-’ yr’l from temperate forest soil in Hichigan (13) and 
time, are needed, however, before this can be conclusively shown. 
Estimates of the magnitude of the contribution of soils to the global N20 
budget have been varied within wide limits. In 1982. Soderlund and Rosswall 
(37) estimated missions from the earth surface to be 100 Tg NZO-N yr-l (with 
uncertainty limits of 35 to 350) of which soils contributed 45 (10-100) Tg NZ&N 
yr-’ . &re recently, Crutzen (38) revised drastically the estimates for earth- 
surface emissions to balance them against the better established stratospheric 
decomposition rate of 6-15 Tg N20-N yr” . He did not assign any value for 
emission from natural soils, and a value of just 1-3 Tg N20-N yr-I to cultivated 
lands. Addressing the same problem at about ‘the same time, Stedman and Shetter 
( 3 )  assigned to soils a global source term of 38 Tg NZO-N y r - I  and a sink term 
of 50 Tg N_O-N yr-: (net sink of 12 Tg N20-N yr-l ) .  Both these views are 
somewhat d i f f i c u l t  to reconcile with the many observations of measurable 
c 
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emissions of N20 from both  c u l t i v a t e d  and na tura l  s o i l s .  
For t h e i r  recent  g loba l  budget, Banin e t  a l .  ( 7 ) .  ca lcu la ted  emission from 
n a t u r d l  s o i l s  on t h e  bas is  o f  f l u x  estimates f o r  var ious ecosystems, m u l t i p l i e d  
b y  t h e i r  respec t ive  area, and obtained an estimated g loba l  source o f  1 4 ( 3 - 2 5 )  Tg 
N20-N y r - l  . For c u l t i v a t e d  s o i l s  two sources were considered by Banin e t  a l .  
(7)r N - f e r t i l i z e r  transformations and organic matter decay. These sources are  
b e t t e r  const ra ined than those o f  na tura l  s o i l s  on the  bas is  o f  a r e l a t i v e l y  
l a r g e  number o f  measurements i n  c u l t i v a t e d  f i e l d s ,  conducted main ly  between 1975 
and 1980, and are estimated t o  be 3 .5  ( 1 . 6 - 5 . 3 )  Tg N20-N yr-'(Table 1 ) .  However, 
changes of  a g r i c u l t u r a l  regimes and a c t i v i t i e s  such as increased f e r t i l i z a t i o n  
i n  i n t e n s i v e  a g r i c u l t u r a l  areas i n  the developing count r ies  and an inc reas ing  
tendency f o r  adopting z e r o - t i l  lage prac t ices  over la rge  a g r i c u l t u r a l  areas may 
increase N20 emission: It i s  thus imperat ive t h a t  follow-up s tud ies  w i l l  be 
conducted in  c u l t i v a t e d  lands t o  assess the  long-term t rends i n  n i t r o g e n  
t rans format ions  and t h e i r  e f f e c t  on N20 emissions. Even a more important long- 
term e f f e c t  may be due t o  s o i l  a c i d i f i c a t i o n  i n  f o r e s t s  BS a r e s u l t  o f  ac id - ra in  
and acid-dry deposi t ion,  s ince low s o i l  pH favors N20 as the end product  of 
d e n i t r i f i c a t i o n  (39). We know p r a c t i c a l l y  noth ing of  t h e  changes o f  N20 
emiss ion i n  a c i d i f i e d  f o r e s t  s o i l  under ac id -depos i t ion  s t ress.  
THE GLOBAL BUDGET 
A conc ise annual g loba l  budget o f  N201 based on t h e  estimates o f  sources and 
s inks  g iven i n  Table 1 i s  presented i n  Table 2.  The present ly  a v a i l a b l e  data,  
us ing  conserva t ive  m i s s i o n  r a t e s  f o r  the land-based sources as done here, show 
an apparent g l o b a l  t tsurplusat o f  up t o  50 Tg N20-N y r - l  . This d iscrepency w i l l  
be reso lved e i t h e r  by changing the  estimates o f  t h e  magnitude o f  t h e  atmospheric 
s i n k  and accunulat ion terms o r  by p u t t i n g  b e t t e r  c o n s t r a i n t s  on t h e  va lues  o f  
emissions from s o i l s .  and i d e n t i f y i n g  add i t iona l  s inks on land. B r i e f  r e p o r t s  
have suggested the p o s s i b i l i t y  o f  N20 decomposition by a t h e r m a l - c a t a l y t i c  
process upon i n t e r a c t i o n  w i t h  "deser t -so i ls"  (40, 41 ) .  Since the values f o r  the 
two atmospher i c  terms a r e  based on atmospheric chemistry models and c a l c u l a t i o n s  
- 
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t h a t  have been exper imenta l l y  va l i da ted  over the  l a s t  f e u  years, i t  i s  n o t  
expected t h a t  they w i l l  be g ross l y  modif ied (4). The terms r e l a t e d  t o  s o i l s  a re  
those t h a t  need fu r the r  evaluat ion.  
TABLE 2. 
i n  Table 1 .  (Fo l low ing  Banin e t  a l .  ( 7 ) ) .  
The global  atmospheric N20 budget sheet: concise form, based on da ta  
Range Hean 
SOURCES (SO) 
Land 
Natura 1 
Anthropogenic 
3-2 5 14 
5-1 1 8 
Oceans 2-10 6 
Atmosphere 
Tota l  Sources 
------------ 
S I N K S  ( S I )  
Atmosphere 
ACCUMULATION (AC) 
Atmosphere 
BALANCE ( e )  
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c CONCLUSIONS 
On paper, t he  g loba l  N,O budget s t i l l  appears t o  be g ross l y  unbalanced, w i t h  
a surp lus  o f  docunented sources over s inks o f  up t o  50 Tg N2&N y r - ’  an amount 
o n l y  s l i g h t l y  smaller than the  wor ld ’s  annual i n d u s t r i a l  n i t r o g e n  f i x a t i o n  f o r  
p roduc t ion  o f  N - f e r t i l i z e r s .  While atmospheric and oceanic source-sink terms i n  
the  g loba l  N20 cyc les  a re  r e l a t i v e l y  well constrained, those o f  s o i l s  i n  
t e r r e s t r i a l  ecosystems are  not.  This i s  t he  major loophole i n  our docmen ta t i on  
o f  f u tu re  
atmospheric changes o f  t h i s  gas. There i s  a d e f i n i t e  need t o  eva lua te  the  
e f f e c t s  o f  prolonged use o f  s o i l s ,  increasing i n t e n s i f i c a t i o n  o f  a g r i c u l t u r a l  
the  N 0 f l u x e s  on Earth and a major b lock  i n  the  attempts t o  p r e d i c t  
2 
36 
a c t i v i t y ,  de fo res ta t i on  processes, s o i l  a c i d i f i c a t i o n  and organic matter decay, 
on the budget and dynamics of  t h i s  t race, p a r t l y  o x i d i z e d  n i t r o g e n  gas i n  s o i l -  
a i r  and i n  the atmosphere. 
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